We report high resolution angle-resolved photoemission spectroscopy (ARPES) studies of the electronic structure of BaFe2As2, which is one of the parent compounds of the Fe-pnictide superconductors. ARPES measurements have been performed at 20 K and 300 K, corresponding to the orthorhombic antiferromagnetic phase and the tetragonal paramagnetic phase, respectively. Photon energies between 30 and 175 eV and polarizations parallel and perpendicular to the scattering plane have been used. Measurements of the Fermi surface yield two hole pockets at the Γ-point and an electron pocket at each of the X-points. The topology of the pockets has been concluded from the dispersion of the spectral weight as a function of binding energy. Changes in the spectral weight at the Fermi level upon variation of the polarization of the incident photons yield important information on the orbital character of the states near the Fermi level. No dierences in the electronic structure between 20 and 300 K could be resolved. The results are compared with density functional theory band structure calculations for the tetragonal paramagnetic phase.
INTRODUCTION
The discovery of high superconducting transition temperatures up to 55 K in iron oxypnictides 1, 2, 3 has brought a lot of attention to compounds containing FeAs layers. Soon thereafter high superconducting transition temperatures were also discovered in the structurally related, non-oxide material Ba 1−x K x Fe 2 As 2 . 4 Similar to the cuprate superconductors, the parent compounds of the FeAs-based superconductors have to be doped or, dierently from the cuprates, have to be set under pressure to yield superconductivity. A further dierence between the cuprates and iron pnictides is that the parent compounds in the latter are not antiferromagnetic Mott-Hubbard insulators but metals with an antiferromagnetic ordering. Nevertheless superconductivity appears in doped iron pnictides in which antiferromagnetic ordering is suppressed. There have been many discussions about the relation of a quantum critical point due to magnetic order and high-T c superconductivity. In the iron pnictides the antiferromagnetic ordering is supposed to occur by a nesting of hole pockets at the center of the Brillouin zone and electron pockets at the zone corner (X-point in a primitive tetragonal zone). 5 The Brillouin zone for BaFe 2 As 2 is presented in Fig. 1 . This nesting scenario may be also important for the pairing mechanism in these compounds. In order to understand the electronic structure of the new high-T c superconductors it is therefore important to study the electronic structure of the parent compounds.
In this contribution we present the study of the electronic structure of the parent compound of the super- Figure 1 : (color online) Brillouin zone of BaFe2As2 in the tetragonal phase. The presented ARPES data are focused around the Γ and around the X-point.
conductors BaFe 2 As 2 under pressure, Ba 1−x K x Fe 2 As 2 , and BaFe 2−x Co x As 2 using high resolution angle-resolved photoemission spectroscopy (ARPES). Previously other groups have used ARPES to study the electronic structure of these parent compounds and their related superconductors. 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 In the present study we focus on the possible dierences between the electronic structure in the paramagnetic tetragonal state and in the antiferromagnetic orthorhombic state of BaFe 2 As 2 by performing temperature dependent measurements. This is an interesting topic since the sudden decrease of the resistivity below the Neel temperature seen in transport data may indicate that a change occurs in the electronic structure. A change of the band structure is also predicted from density functional theory (DFT) calculations. 17, 18, 19, 20 The ARPES experiments were carried out at the BESSY synchrotron radiation facility using the U125/1- it. The experimental geometry is depicted in Fig. 2 and is also described in more detail in a previous paper. 25 In this geometry the scattering plane, as dened by the direction of the incoming photons and the trajectory of the outgoing photoelectrons, is nearly horizontal for k y = 0, i.e., for photoelectrons traveling to the center of the entrance slit of the analyzer.
The present ARPES study was mainly focused to two regions in the Brillouin zone: round the zone center (the Γ = (0,0,0) and Z = π c (0,0,1) points) and the zone corner Figure 2 : (color online) measuring geometry for the ARPES data taken near the Γ-point. The entrance slit (ES) of the analyser, the crystal (C), the vertical (v) and the horizontal (h) linear polarization of the incoming photons (ph), and the trajectory of the outgoing photoelectrons (e) are shown. The direction of the photons and the photoelectrons dene the scattering plane. This scattering plane is almost horizontal for photoelectrons traveling to the center of the entrance slit (ky=0).
(X = π a
(1,1,0) point), as illustrated in Fig. 1 , where a and c are the tetragonal lattice constants for BaFe 2 As 2 along x and the z-axis, respectively. For recording data at the Γ-point we oriented the crystal in such a way that the k x (k y ) direction was parallel to the Γ-M(N) direc- For recording data at the X-point the crystal was ro- Most of the data presented here were taken from the larger BFA65K crystals. In some cases (marked in the gure captions), we also present data from the much smaller BFA100K crystals.
III. BAND STRUCTURE CALCULATIONS
For comparison with ARPES data we calculated the electronic band structure of tetragonal paramagnetic BaFe 2 As 2 within the DFT in the generalized gradient approximation (GGA) 27 using the full-potential linearized augmented plane-wave code WIEN2k. 28 We considered a k mesh of 40 × 40 × 40 in the irreducible Brillouin zone and an accuracy benchmark for the LAPW (Linear augmented plane wave basis) of Rk max = 7. We performed calculations (i) by xing the As position to the experimental value 29 (ii) by fully relaxing the lattice parameters as well as the internal As coordinate within spinpolarized GGA. 30 Good agreement with ARPES is only obtained when the As position is kept as given by the neutron diraction data, 29 as presented in this work or by performing GGA calculations on the optimized structure with tetragonalization. 30 In Fig. 3 we show the calculated band structure for BaFe 2 As 2 close to the Fermi level along the Γ-M and the Γ-X direction. In Fig. 4 and Fig. 5 we depict calculated constant energy contours for various binding energies close to the Γ-and the X-point, respectively.
IV. RESULTS
In Fig. 6 we show ARPES data of BaFe 2 As 2 near the Γ-point recorded at a temperature of 20 K using photons polarized parallel to the vertical direction, i.e., spolarization for a horizontal scattering plane. In Fig. 6 (a) we depict momentum distribution maps for various binding energies. We remark here that we also present data for energies above the Fermi level since due to thermal excitation, states above E F can be populated and In the following we present data taken near the Xpoint. Now the horizontal k x direction is parallel to Γ-X, i.e., the crystal has been rotated by 45
• around the surface normal (see Section II). In Fig. 9 we show data taken atT = 20 K with horizontal photon polarization.
This means that in the center of the analyzer slit (k y = 0) we have p-polarization. While close to the Fermi level there is more a circular spectral weight distribution, at lower energy (E − E F < -60 meV) an elongated Figure 7 : (color online) analogous data as in Fig. 6 but now recorded with a horizontal photon polarization (parallel to kx) and at a temperature T = 300K.
propeller-blade like distribution along the k y direction is realized. In Fig. 10 we present analogous data but taken at T = 300 K. Essentially the data are very close to the low temperature data. In similar spectra but now taken with vertical polarization at T = 20 K, shown in Fig.   11 , a circular Fermi surface with a Fermi wave vector k F = 0.16 ± 0.02 Å −1 is detected while at higher binding energies (E − E F < -60 meV) an elongated blade-like distribution along the k x direction is visible (see Fig. 11 ).
As will be outlined in Section V shortly, the dierences between data recorded using the two polarizations can be attributed to matrix element eects (selection rules), which enable us to conclude about the orbital character of the states involved. caused by three hole pockets formed by three bands which are almost degenerate (see e.g. Fig. 3(a) and the panel E F in Fig. 4) . The orbital character of the three bands at the Γ and at the Z-point is predicted to be related to mainly Fe 3d x 2 −y 2 , Fe 3d yz , and Fe 3d xz states.
In the calculations, these bands show dispersion along the Γ-Z direction which leads to a departure from a sim- At the Γ-point two further bands with mainly Fe 3d z 2 character appear near E −E F = -600 and -900 meV. For k z -values between the Γ and the Z-point these bands disperse toward the Fermi level and reach an energy of ≈ -100 meV.
As described in Section II, due to matrix element effects for horizontal (vertical) polarization of the incoming photons and a horizontal scattering plane, odd(even) initial states relative to the ΓMZ mirror plane should disappear. For the data shown in Fig. 6 , where the photons were polarized vertically (s-polarization), all even states relative to the mirror plane, i.e., Fe 3d x 2 −y 2 , Fe 3d z 2 , and Fe 3d xz , should disappear along the horizontal k y = 0 line, but the other two odd Fe 3d orbitals (Fe 3d xy and Fe 3d yz ) should contribute to the spectral weight along this line. Since the Fe 3d xy bands are outside the en- Figure 10 : (color online) similar data as in Fig. 9 around the X-point but now with the recording temperature T = 300 K. Again a horizontal photon polarization has been used. ergy range presented in these measurements only the Fe 3d yz band contributes along the horizontal k y = 0 line.
For data taken with horizontal photon polarization (ppolarization, presented in Fig. 7) , and for a cut through the data with k y =0, the odd Fe 3d yz (and 3d xy ) states should be suppressed, but all other Fe 3d bands near the Fermi should be visible.
As pointed out before in all data taken at the center of the two-dimensional Brillouin zone (see Figs. 6 to 8), one clearly sees one or two hole pockets, i.e., Fermi surfaces in the k x , k y plane, the diameter of which decreases when going from below to above the Fermi level. It is remarkable that the diamond-like constant energy contour predicted in Fig. 4 for the Fe 3d x 2 −y 2 states at higher binding energies is well reproduced in the experimental data.
In the following we attempt a more quantitative comparison of the ARPES data near the Fermi energy with the band structure calculations. We warn the reader in advance that a fully self-consistent assignment that matches the data one-on-one with the LDA bands is not Figure 11: (color online) similar data as in Fig. 9 taken at a temperature of 20 K but with vertical photon polarization (parallel to k y ).
achievable: most probably a result of the multiband nature of these materials, the uncertainty experimentally about the exact value of k z and the fact that knowledge about the k, E and polarization dependence of the photoionisation matrix elements in these systems is only just starting to be gathered.
Since in the data shown in Fig. 6 near the k y = 0 line we should only see Fe 3d yz states near the Fermi surface, the experimental value k In the data recorded with horizontally polarized light shown in Figs. 7 and 8, the outer Fermi surface with k F = 0.27 ± 0.01 Å −1 can be tentatively assigned to the Fe 3d xz states. In this way we can arrive at qualitative but not quantitative agreement with the band structure calculations, assuming our ARPES data with 75eV photons to be representative for k z =0 (we will present arguments as to why we believe this to be the case later on). The experimental k F values are somewhat dierent from the calculated ones and the experimentaly observed splitting of the three bands is about a factor three larger than the calculated one. For the spectra taken with horizontal photon polarization (see Fig. 7 ), the experimental In addition to this point, we present arguments below in favor of the fact that we know the k z -location of the data recorded with the photon energies 50 and 75 eV to be close to zero (i.e. at the Γ-point).
Next we discuss the Fermi velocities derived for the At higher binding energies we obtain nice agreement between the band structure calculations and the experimental data presented in Figs. 6 and 7. The Fe 3d z 2 band, which according to Fig. 3 should appear near an E − E F value of -600 meV, is clearly visible in the data taken with horizontal polarization shown in Fig. 7(b) , which is consistent with the orbital origin of these states which is always even with respect to the ΓMZ mirror plane.
On the other hand for vertical photon polarization, these states should disappear, which is indeed exactly what they do, as can be seen from the data shown in Fig. 6(b) .
The fact that such an unambiguous assignment of these 600meV states for the p-polarisation geometry is possible, presents us with a clear and thus powerful 'tool' to gauge the position of our ARPES data with respect to the relevant value of k z . As mentioned earlier, for k z =0, these states should lie at ca. 600meV. They are predicted (within DFT) to disperse up to only within 100 meV of E F for k z values at the bottom or top of the Brillouin zone. This means, therefore, that the observed binding energy (600meV) of these Fe 3d z 2 states for k x =k y =0 thus 'pins' the data recorded using 75eV photons to k z values at or close to zero.
At the end of the discussion of the data at Γ(Z) we point out that we did not observe a signicant change of the electronic structure when going from the tetragonal paramagnetic phase at high temperatures to the orthorhombic antiferromagnetic phase at low temperatures. This observation is in line with previous ARPES studies 6 but not with previous spin polarized DFT band structure calculations 21, 30 which predicted a large change of the electronic structure near the Γ-point in the orthorhombic antiferromagnetic phase. On the one hand, this dierence could possibly be attributed to the strong itineracy of the BaFe 2 As 2 system which causes only small changes of the electronic structure, while spin polarized DFT calculations overestimate the magnetic moment and thus predicting large changes of the electronic structure.
On the other hand, as alluded to earlier, there also exists the possibility that even above T N strong quasi-2D antiferromagnetic spin-spin correlations (of reasonably long range) are to be found within the FeAs layers. This would mean that the two-dimensional electronic structure within these layers is only very weakly altered when crossing the bulk, three-dimensional spin-ordering temperature, T N .
In the following we discuss the results around the Xpoint. According to the band structure calculations (see The experimental results shown in Fig. 11(a) , although hampered by the low cross-section for these conditions, show a small, rounded Fermi surface, transforming into a blade-like intensity distribution with its long axis along k x , before the intensity essentially runs out at -140 meV.
Given the s-polarisation used to record this data, we would expect to be sensitive to the Fe3d x 2 −y 2 states along the k y = 0 line, thus the fact that the constant energy cuts broaden parallel to k x with increasing binding energy is an aspect that matches with the DFT predictions.
It is less clear at present why the observed intensity for E = E F is essentially 'round', and not elongated along k y as along this direction one leaves the relevant mirror plane and thereby relaxes the symmetry selection rules that form part of the matrix elements. The same goes for the fact that we do not see a sign of the deeper lying
Fe 3d x 2 −y 2 states in either Fig. 11(b) or (d), although we do remark that the scattering rates at these energies are possibly already rather high and thus these bands cannot be resolved from the incoherent background, which may be substantial due to the Sn impurity scattering.
For the analogous data taken with horizontal (i.e. p) polarization, shown in Figs. 9 and 10, the odd Fe 3d x 2 −y 2 states should disappear near the k y = 0 line but the Fe 3d xz and Fe 3d yz states should remain visible. In both gures, the higher binding energy intensity distribution now no longer takes on the form of a blade-like structure parallel to k x , but rather one parallel to k y , as would be expected for the Fe 3d xz and Fe 3d yz states upon inspection of Fig. 5 . For the data at E F , the fact that the high intensity seems more concentrated close to k x =k y =0 with respect to the data of Fig. 11 (a) would oer support for the DFT prediction of a narrower Fermi surface cross-section parallel to k x for the Fe 3d xz and Fe 3d yz related states. It remains a moot point whether the low temperature data for energies at or close to E F show signs of an elliptical intensity distribution with its long axis along k y or not. In any case, what is highly evident from both the low temperature (Fig. 9 ) and room temperature (Fig. 10 ) data from the X-point is that the intensity for positive E − E F values is much more robust, being clearly visible -even for the 20K data -up to energies some 80 meV above E F . This is in stark contrast to the data of Fig. 6 , taken around the Γ-point, whereby already only 40 meV above E F all intensity has disap- either/or there are strong matrix element dierences sensitive to the k z value that prohibit their detection. If we take a value of 13 eV for the inner potential (a value derived from the bottom of the valence band, taken from the data from the band structure calculations), we come to the k z values shown in Fig. 12 . For an eective period along the z-direction corresponding to the distance between two FeAs layers (c = c/2), the panels for hν = 50, 75, 125, and 175 eV would then correspond to k z values close to zero (or even multiples of π/c ), while the panels for hν = 100 and 150 eV would correspond to k z values close to π/c or odd multiples thereof. This would place the latter two data sets close to the Z-point (see Fig. 1 ).
In this manner, the analysis of the data of Fig. 12 underpins our earlier discussion, in which we compared the k z =0 DFT band structure and constant energy surfaces 
